Abstract. Recently, significant attention has been devoted to a new class of smart materialsso-called negative-index materials (NIM). There are some direct experimental demonstrations of NIM in the microwave frequency region, but not in optical frequency region. Here we report a kind of optical negative-index material which is 2D photonic crystal and, by measuring the refractive angle of the transmitted beam through a prism fabricated from this material, we determine the effective n. These experiments directly confirm this material is an optical negative-index one.
Introduction
In 1968, Victor Veselago [1] predicted that composite materials might be engineered to have negative permeability and permittivity. Such materials would interact with their environment in exactly the opposite way from natural materials. Recently, many reports about the negative refractive experiments in microwave frequencies can be seen [2] [3] [4] . Although several experiments [5] [6] [7] [8] have been fulfilled in optical region, direct demonstration of refraction in optical negative-index materials has not been shown.
egative-Index Material in Optical Frequency Region
Recently, photonic crystals are attracting more and more attentions of researchers [9] [10] [11] [12] for its potential applying in studying the negative refractive phenomenon within the optical frequencies. Their reports have investigated how to obtain negative refraction phenomenon by photonic crystals in theory, but not in experiments. Our paper is mainly concerned with the study of negative refraction phenomenon in the 2D photonic crystal which consists of a Si hexagonal lattice of circular dielectric rods with Si substrate. Here Finite-difference time-domain (FDTD) simulations are used to calculate the refraction angle when the incident light is normal to one of the plane of a prism made from the 2D photonic crystal with the prism angle of 60º. Figure 1 clearly shows that with the increasing of the refraction index of the material between the rods under the rod diameter of 0.4*period (period is the distance between the centers of two rods nearby), the propagation direction of the light wave will be changed. Snell's law provides the quantitative relation between the incident and refractive angles (Ө 1 and Ө 2 , measured from the normal of refraction interface) and the indices of refraction of the media (n1 and n2), having the form n1sin(Ө 1 )= n2sin(Ө 2 ). According to the Table 1 , simulation data show that along with the accretion of the index of the media, the absolute values of the angle of the refractive light and the negative refractive become smaller gradually. When we simulated the cases for the rod diameter of 0.5*period and 0.6*period, the similar results can be found. 
Experiments and Results
According to simulation results, samples have been designed and made successfully to demonstrate negative refraction phenomenon. To determine the refractive index, as shown in Fig. 2 , we have made the prism-shaped sample with circle Si rods to obtain a media with a negative refractive index. In Fig. 3 , it can be seen the sample with the period of 5 µm, the rod diameter of 2 µm and the length of 50 µm. According to simulation results, in order to obtain evident negative refraction phenomenon, the incident light wavelength λ should be twice the period, the CO 2 laser (λ=10.6 µm), has been used in the experimental system, and negative refraction phenomenon is expected to occur. To determine the refractive index, we measured the deflection angle of the light wave as the beam passed through sample. Figure 4 is the diagram of experimental setup. As the light of the CO 2 laser is invisible, the He-Ne Laser is used to help align the sample. The sample is placed on the 3D 576 Measurement Technology and Intelligent Instruments IX rotating object stage, and the detector is placed on the 3D rotating Platform. Under the controlling of computer, the detector can be rotated around the sample and measure the deflection angle. As shown in Fig. 5a , the negative refractive phenomena have been observed in evidence. And the emergence angle is about -27° (n =-0.524). More than 10 samples have been tested and the same phenomena been observed. In Fig. 5b , the emergence angle of light is observed with the detector in different distance from the other sample, it is found that the emergence angles of light are almost the same and the longer (red curve) the distance, the smaller (the blue and the green curve) the peak value since the diffraction takes place. In Fig. 5c , the emergence angle of light is observed with changing the incident angle. When the incident angle is positive (blue) the emergence angle of light is bigger, and when the incident angle is negative (green), the emergence angle of light is smaller, that is expected for the negative index material. As shown in Fig. 5a and Fig. 5c , we found that the emergence angles of different samples are not same, but all their absolute values are smaller than the simulation result (the FDTD simulation result is about -45° and n = -0.817). As the length of the rods is limited (50 µm), part of the power of the light propagates in the Si substrate. And since the power of the light propagates in the Si substrate in different samples alters with the position of the incident point, the effect index will be changed. So the effect index of the material between the rods is bigger than the original index of the material. According to the FDTD simulation result (see the  Table 1 
Conclusions
The paper reports a 2D photonic crystal in optical region which consists of a hexagonal lattice of circular dielectric Si rods. By measuring the refraction angle of the transmitted beam through a prism fabricated from this material, we determine the effective n is negative. These experiments directly confirm this material is an optical negative-index one. And the result of experiment verifies that the computer simulation is correct and can be realized by experiments.
